Introduction
Pre-transfusion testing is necessary to assure ABO and Rh type compatibility between donor and patient blood, as well as to disclose the presence of red blood cell (RBC) alloantibodies potentially causing transfusion reaction. The cross-match (XM; i.e., testing the patient's serum against the donor's RBCs) is intended as the check for ABO compatibility and for the detection of alloantibodies. It represents the most important pre-transfusion testing used in routine practice.
Since many surgical procedures rarely require blood transfusion, there is no need to reserve blood units in the blood bank for each specific patient, provided that the laboratory can quickly deliver components in case of emergency. The Type and Screen (T&S) is a reliable alternative for the management of these situations [1, 2] . The T&S includes typing the patient's RBCs for ABO and Rh blood groups, and screening patient's serum for the presence of alloantibodies. If the antibody screen is negative, it can be predicted that more than 99.99% of RBC units electronically matched for ABO groups will be compatible in the XM test [3] . Since 1984, the American Association of Blood Banks (AABB) standards has stated that the XM can be omitted if the antibody screening is nonreactive [4] . Nowadays, procedures for blood product release according to the T&S and electronic XM have been adopted in several European countries, and their implementation has been advocated by the Italian transfusion regulation as well [5] . Actually, the adoption of T&S procedure and electronic XM in selected patient populations support the rational allocation of blood resources [1, 2, 4] .
The method for screening irregular antibodies is pivotal to select patients candidate to the T&S procedure. Actually, the ideal screening should allow the detection of all clinically relevant antibodies without capturing clinically insignificant antibodies or nonspecific reactions, with acceptable sensitivity and specificity. Basically, RBC antibody screening and identification are carried out by agglutination or solid-phase red cell adherence assay (SPRCA)
Keywords
Red blood cell alloantibodies · Type & Screen · Diagnostic accuracy · Individualized medicine · Predictive assays
Summary

Background:
The detection of irregular antibody is a critical issue in the management of red blood cell transfusion according to the Type & Screen (T&S) practice. In order to implement the T&S procedure at our blood bank, we compared three different automated analyzers based on column agglutination technique (CAT) or solid phase red cell adherence assay (SPACA) methods. Methods: Pre-transfusion antibody screening was performed in 986 patients candidate to elective surgery at low risk for red blood cell transfusion. We tested the following kits: the three-cell panel micro-CAT system ID-DiaCell I-II-III (DiaMed), the four-cell panel solid-phase system Capture-R Ready Screen-4 (Immucor), and the four-cell panel micro-CAT system Serascan Diana-4 (Grifols). Positive results were further investigated using corresponding identification panels, and discrepant results were investigated with all the antibody identification systems. Results: Among 986 samples, we observed 967 concordant negative results (98.1%), 8 concordant positive results (0.8% of cases), and 11 discrepant results (1.1%). Among discrepant samples, an alloantibody could been identified in two patents (anti-M, detected by Serascan Diana-4 and ID-DiaCell I, II, III; anti-Kp a , detected by Capture-R Ready Screen-4 and Serascan Diana-4). Conclusion: Among the evaluated technologies, the four-cell panel micro-CAT system displayed the highest sensitivity and specificity with an optimal negative predictive value. These features might be relevant to the routine implementation of the T&S transfusion strategy.
methods. Although conventional test tube technique has been long considered the reference method, nowadays column agglutination technique (CAT) and SPRCA are widely employed [6, 7] . Generally, both methods have shown similar or even higher sensitivity and specificity when compared with classical tube testing [8, 9] . Importantly, they can be run in automation, require small volumes of both samples and reagents, avoid subjective interpretation, and produce reliable results [8] .
Our hospital is a tertiary academic hospital and about 10,400 tests for antibody screening are approximately performed per year. The antibody screening is usually accomplished in automation by micro-column agglutination with the IH-1000 System (Biorad Laboratories, Hercules, CA, USA), which uses a three-cell panel (ID-DiaCell I-II-III; DiaMed GmbH, Cressier, Switzerland). Positive samples are further investigated with the 11-cell panel system papainized and not papainized (ID-DiaPanel and ID-DiaPanel P; DiaMed). In view of implementing the T&S procedure, we undertook this study in order to evaluate additional technologies for alloantibody detection. Therefore, we prospectively investigated alloantibodies in patients, whose blood product requirements were potentially amenable by the T&S procedure, using three different automated analyzers based on CAT or SPACA methods. The results obtained were then compared in terms of sensitivity and specificity.
Material and Methods
Study Population
From April 2015 to November 2016, patients candidate to transfusion therapy for elective surgery were analyzed. Patients were selected on the basis of a low risk for transfusions, considering the diagnosis, kind of intervention, and clinical conditions. According to the scheduled provision of reagents, a median number of 48 consecutive patients per month could be investigated with the three antibody screening systems. The inclusion of repeated patients was omitted. Detailed clinical information necessary to quantify the transfusion risk for each patient were available in electronic databases in use at our hospital. The study was approved by the local Institutional Review Board.
Antibody Screening
The automated analyzers based on micro-column agglutination were the IH-1000 System (Biorad Laboratories), which uses a three-cell panel (ID-DiaCell I-II-III; DiaMed) and the Erytra (Grifols, Barcelona, Spain) which uses a four-cell panel (Serascan Diana-4; Grifols). The automated analyzer based on SPRCA was the Immucor Neo (Immucor Inc., Norcross, GA, USA), which utilizes a four-cell panel (Capture-R, Ready-Screen; Immucor). Whole blood samples (EDTA, 6 ml) were tested within 24 h from collection. All tests were performed according to manufacturers' instructions. Automated reading of reactions was obtained through the artificial vision technology employed on each platform. Results of screening tests were given on a scale of strength from negative to positive (from 1+ to 4+). In case of plus/minus or weak reactions, the screening was repeated; if results were confirmed, samples were considered positive and then subjected to the antibody identification. A qualified operator reviewed all unclear results.
Antibody Identification
In samples with positive screening, the alloantibody specificity was investigated using the corresponding apposite panels. Samples positive at solid-phase screening (Immucor) were investigated with a 13-cell panel (Capture-R Ready-ID; Immucor). Samples positive at micro-column screening (Biorad and Grifols) were investigated with a 11-cell panel (ID-DiaPanel; DiaMed) or with a 15-cell panel (Identisera Diana/Extend; Grifols). Moreover, samples identified as positive at micro-column screening were further analyzed by the corresponding enzyme-treated cell panels (ID-DiaPanel P Identisera DianaP/Extend P). All samples with discrepant results among the different systems were investigated with all antibody identification systems mentioned above. All tests were performed according to manufacturers' instructions.
Analysis of Results
Results were compared to identify discrepancies among methods. Results were considered discrepant when the sample turned out positive in one method and negative in the other one or two methods. In case of discrepancy, antibody identification was carried out as mentioned above, in order to confirm the antibody screening results. Samples were considered true-positive when the positive test in the antibody screening was associated with the identification of the antibody specificity in at least one of the systems utilized for the antibody identification. On the opposite, samples were considered false-positive when the positive results in the antibody screening were not followed by subsequent specificity antibody identification. We calculated accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of each method by standard formulae, including the 95% confidence intervals (CI) [10] . The test sensitivity was estimated as the proportion of subjects with the target condition in whom the test was positive. Similarly, the test specificity was estimated as the proportion of subjects without the target condition in whom the test was negative.
Results
Antibody Screening and Identification
Overall, 986 patients (382 males and 604 females) were evaluated; the median age was 63 years (range 3-98 years). The results of RBC antibody screening obtained in the three different systems (ID-DiaCell I-II-III, Serascan Diana-4, and Capture-R ReadyScreen), are illustrated in Micro-CAT = Micro-column agglutination technique; SPRCA = solid-phase red cell agglutination assay. Therefore, 8 samples with concordant positive results and 11 samples with discrepant results were then subjected to the alloantibody identification. Among the positive samples, a single alloantibody was identified in 5 patients. In particular, 2 patients had an anti-Cw alloantibody, and 3 patients displayed alloantibodies anti-D, anti-Kell and anti-Jk a , respectively. In addition, in 1 patient, cold agglutinins were identified. Finally, in the remaining 2 cases, pan-agglutination was observed, and no antibody identification was accomplished. Among the 11 discrepant results, the alloantibody specificity could be identified only in 2 patients, exhibiting anti-M and anti-Kp a alloantibodies, respectively (case 3 and 11 in table 2). The anti-M antibody was captured by the Serascan Diana-4 and the ID-DiaCell I-II-III systems, but not by the Capture-R Ready-Screen system. The antiKp a antibody was detected by the Serascan Diana-4 and the Capture-R Ready-Screen systems: both systems, in contrast to the ID-DiaCell I-II-III system, include in their panels Kp a -positive cells. In all other cases, the positive test was not confirmed at the subsequent step of antibody identification. No autoreactive antibodies were identified in these patients. The strength reaction ranged from ± to 2+: this weak agglutination suggest possible unspecified reactions, although we cannot exclude to have failed in discriminating the underlying antibody, at least in cases with previous pregnancies. The clinical data of patients with discrepant results are shown in table 3.
Analysis of Results
Overall, the ID-DiaCell I-II-III system produced 975 negative results and 11 positive results (table 1), with one false-negative result due to the missed identification of Anti-Kp a alloantibody, and 974 true-negative results. On the opposite, among the 11 positive reactions, 9 results were true-positive and 2 results were false-positive ( were true-negative. Nine out of 16 positive samples were true-positive, while 7 were false-positive (table 4) . The accuracy, sensitivity, specificity, PPV, and NPV were calculated for all systems and are illustrated in table 5.
Discussion
In this study we compared the capacity of different technologies based on micro-column agglutination (ID-DiaCell I-II-III and Serascan Diana-4) or solid-phase agglutination (Capture-R ReadyScreen) to detect RBC alloantibodies in a routine screening scenario. Since this study was undertaken in order to implement the T&S procedure at our blood bank, the primary goal of this comparative analysis was to identify which methodology had the maximal sensitivity, in order to avoid transfusing incompatible RBCs to patients with undetected alloantibodies. Therefore, a series of patients with negative transfusion history, and ideally candidate to receive RBC products according to the T&S and electronic XM pre-transfusion procedure, were screened for RBC alloantibodies in parallel with all the above mentioned systems.
As expected, concordant results were obtained in the vast majority of cases (975 out of 986, 98.9%), including 8 patients with positive reactions. The prevalence of patients with irregular antibodies in the entire cohort was extremely low, representing about 1% of the entire series. Although the number of positive results was not impressive, the majority of these clinically significant alloantibodies, such as anti-D, anti-Cw, anti-Kell and anti-Jka, were detected by all methodologies employed, confirming their high accuracy level. Nevertheless, in two cases alloantibodies were not detected by the ID-DiaCell I-II-III (anti-Kp a ) or by the Capture-R Ready-Screen (anti-M). The anti-M is a fairly common naturally occurring antibody; in general, it has no clinical impact in transfusion practice. It is predominantly of IgM type, with optimal thermal reactivity at 4 ° C and very rarely causes delayed hemolytic transfusion reaction (HTR) or hemolytic disease of the fetus and newborn (HDFN) [11] [12] [13] . Nonetheless, few cases of anti-M antibodies reactive at room temperature and at 37 ° C have been reported in patients of different ages and diagnosis [14] . The anti-M was not detected by the Capture-R Ready-Screen system because IgG-coated indicator RBCs used in this system can bind only to IgG alloantibodies. On the opposite, both micro-column affinity gel systems are able to detect IgM alloantibodies as they contain polyspecific anti-human globulins, which bind either directly (Serascan Diana-4) or indirectly through the light chain (ID-DiaCell I-II-III) to the IgM molecules. The anti-Kp a antibody was captured only by the four-cell panel system (Serascan Diana-4 and Capture-R Ready-Screen), whilst it was overlooked by the three-cell panel system. The anti-Kp a is directed against a low-frequency antigen of the Kell group [15] . Actually, about 98% of Caucasian donors and 100% of Black donors are Kp anegative [15] . Therefore, most commercially available screening kits do not contain Kp a -positive cells. Nonetheless, it is widely acknowledged that anti-Kp a antibody may cause severe HTR and HDFN [16] [17] [18] [19] [20] [21] [22] . Indeed, despite the infrequent occurrence, its investigation through Kp a -positive screening cell panels is undoubtedly worthy in clinical practice.
As previously reported, also in this study the SPRCA methodology detected more nonspecific reactivity and panagglutinins than CAT did [23] . In particular, the Immucor system found 7 positive results that at the subsequent work-up did not result in any antibody identification (table 2) . Recently, solid-phase unidentified reactions have been associated with female sex or diagnoses like cancer, pregnancy, surgery, and trauma, and data gathered in our patients are in line with these observations [24] . Although it has been recently reported that a minority of patients with nonspecific reactivity at SPRCA might develop new auto-or alloantibodies, the majority of them tend to become definitely negative at following alloantibody screenings, thus confirming the elusive nature of these results [24, 25] . In our scenario, however, consisting in patients at very low transfusion risk, the false-positive results could require additional investigations finally resulting in the delay of surgical procedures.
Overall, our study exhibit an important limitation due to the low number of positive samples in the investigated population. In particular, there are several alloantibodies in addition to those we detected that can be relevant in the transfusion therapy management of immunized patients. All investigated automated systems in the present study showed high sensitivity and specificity (ranging between 90 and 100% or 99.3 and 99.8%). Nevertheless, the low prevalence of alloantibodies in our series of patients resulted in a variable rate of positive predictive values, ranging from 56.3% for Capture-R Ready-Screen to 81.8% for ID-DiaCell I-II-III and 83.3% for Serascan Diana-4. Our observations confirm the low specificity of the solid-phase assay system and suggest that the utilization of Kp a -containing four-cell panels increases the screening sensitivity. These findings may be relevant to the implementation of the T&S transfusion strategy in a patient population with a very low prevalence of alloimmunization. Future studies detecting additional clinical relevant alloantibodies are advisable to complement our results.
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